Here we demonstrate a reagentless, electrochemical platform for the specific detection of proteins that bind to single-or double-stranded DNA. The sensor is composed of a double-or single-stranded, redox-tagged DNA probe which is covalently attached to an interrogating electrode. Upon protein binding the current arising from the redox tag is suppressed, indicating the presence of the target. Using this approach we have fabricated sensors against the double-stranded DNA binding proteins TATA-box binding protein and M.HhaI methyltransferase, and against the single-strand binding proteins Escherichia coli SSBP and replication protein A. All four targets are detected at nanomolar concentrations, in minutes, and in a convenient, general, readily reusable, electrochemical format. The approach is specific; we observed no significant crossreactivity between the sensors. Likewise the approach is selective; it supports, for example, the detection of single strand binding protein directly in crude nuclear extracts. The generality of our approach (including its ability to detect both double-and single-strand binding proteins) and a strong, non-monotonic dependence of signal gain on probe density support a collisional signaling mechanism in which binding alters the collision efficiency, and thus electron transfer efficiency, of the attached redox tag. Given the ubiquity with which protein binding will alter the collisional dynamics of an oligonucleotide, we believe this approach may prove of general utility in the detection of DNA and RNA binding proteins.
Likewise, because their signaling is linked to a binding-specific change in the properties of the probe DNA, and not simply to adsorption to the sensor surface, E-DNA and E-AB sensors have proven remarkably robust against the non-specific adsorption of contaminants and perform well even when challenged in complex sample matrixes such as undiluted blood serum, soil, crude cellular extracts, and foodstuffs. [9] [10] [11] [12] [13] Recent studies suggest that E-DNA and E-AB signaling requires only that a target binds to an oligonucleotide probe and, in doing so, changes the efficiency with which the attached redox tag strikes the electrode. 6, 7 This, in turn, accounts for the approach's generalizability. For example, E-DNA architectures have been described to date in which hybridization with a target oligonucleotide leads to changes in the flexibility of DNA probes adopting stem-loop, single-stranded, double-stranded, or pseudoknot * To whom correspondence should be addressed. E-mail: kwp@chem.ucsb.edu. Fax: (805) configurations. 7,14-16 Likewise, more than a half-dozen E-AB sensors have been reported to date that employ DNA or RNA aptamers re-engineered to undergo folding or strand displacement, and concomitantly changes in flexibility, upon target binding. 9, 13, 17, 18 Those latter, aptamer-based sensors have enabled the detection  of proteins,  9,17,19,20 small molecules,  10,13,18 and inorganic ions   11,21 via this simple, general mechanism. Another broad and important class of analytes that can be detected via their interactions with DNA are naturally occurring DNA binding proteins. Such proteins are abundant and essential in cells, interacting with DNA to organize its packing, regulate transcription, and perform replication and repair. A clinically important subset of these naturally occurring proteins are the transcription factors, which have proven diagnostic of developmental status and cancer.
22,23 Thus motivated, Barton and coworkers have recently described an E-DNA-like platform for the detection of a protein that binds to a specific, double-stranded, redox-tagged DNA sequence, the TATA-box binding protein, by employing a double-stranded DNA probe containing the sequence naturally targeted by the protein. 24 Here we expand on this theme by converting a number of naturally occurring, protein-targeting DNA sequences into a similar class of E-DNA-like sensors for the detection of specific DNA binding proteins.
MATERIALS AND METHODS
Probe DNA Sequences. We have employed the following probe DNA sequences:
TATA probe: 5′-HS-(CH 2 ) 6 -CGGGCTATAT*(MB)AAGGG-GCGTTTTCTTATATAG-3′ M.HhaI probe: 5′-HS-(CH 2 ) 6 -AAGACGAGCGCATGTT*(MB)-
TATGCGCTC-3′
Poly-T 20 probe: 5′-HS-(CH 2 ) 6 -T 20 -(CH 2 ) 7 -NH-MB-3′ Poly-T 40 probe: 5′-HS-(CH 2 ) 6 -T 40 -(CH 2 ) 7 -NH-MB-3′ Poly-T 70 probe: 5′-HS-(CH 2 ) 6 -T 70 -(CH 2 ) 7 -NH-MB-3′ where -(CH 2 ) 7 -NH-MB-3′ represents a methylene blue (MB) added to the terminal phosphate via a C-7 amino linker and T*(MB) represents a thymine nucleotide modified by the addition of MB to a 6-carbon, amino-terminated linker attached at the 5 position of the nucleobase. All probes were synthesized, labeled, and purified by BioSearch, Tech (Novato, CA) and used as received. The methylene blue was conjugated to either the 3′ end of the probe or the internal linker-modified thymine via succinimide ester coupling. The modified oligonucleotides were purified via C18 Reverse-Phase HPLC and PAGE and confirmed by mass spectrometry. Reagent grade chemicals, including 6-mercapto-1-hexanol (C6-OH), guanidine hydrochloride, sulfuric acid, potassium phosphate monobasic, dibasic, and sodium chloride (all from Sigma-Aldrich, St. Louis, MO), were used without further purification.
Sensor Fabrication. The sensors were fabricated as previously described, 25 which we reiterate in brief here. E-DNA sensors were fabricated on rod gold disk electrodes (2.0 mm diameter, BAS, West Lafayette, IN). And while we note that these electrodes are not readily amenable to mass production, E-DNA fabrication is also supported on screen printed gold electrodes [ref 26 and Ricci et al., 2008, manuscript in preparation]. The disk electrodes were prepared by polishing with diamond and alumina (BAS), followed by sonication in water, and electrochemical cleaning (a series of oxidation and reduction cycles in 0.5 M H 2 SO 4 , 0.01 M KCl/0.1 M H 2 SO 4 , and 0.05 M H 2 SO 4 ). Effective electrode areas were determined from the charge associated with the gold oxide reduction peak obtained after the cleaning process.
The relevant probe DNA was immobilized onto these freshly cleaned electrodes by incubating for 1 h in a solution of 1 mM TCEP (Tris(2-carboxyethyl) phosphine hydrochloride) in 100 mM NaCl/10 mM potassium phosphate pH 7 buffer containing the appropriate concentrations of probe DNA. Different probe densities were obtained by controlling the concentration of probe DNA employed during the fabrication process ranging from 0.01 µM to 1 µM. Optimal response for TBP and M.HhaI is obtained by using a probe DNA concentration of 0.05 µM which leads to probe density of about 2 × 10 11 molecules/cm 2 . For the detection of single-strand binding proteins a probe DNA concentration of 0.5 µM was used obtaining a probe density of about 5 × 10 12 molecule/cm 2 . Following probe immobilization the electrode surface was rinsed with distilled, di-ionized water passivated with 1 mM 6-mercaptohexanol in 1 M NaCl/10 mM potassium phosphate buffer, pH 7, for 2 h and followed by further rinsing with deionized water. Sensors were stored in dark in buffer, under air, conditions that allows multi-month storage stability. 27 Probe density (i.e., the number of electroactive probe DNA molecules per unit area of the electrode surface) was determined using a previously established relationship with ACV peak current (for details, see refs 6 and 7).
Electrochemical Measurements. All experiments were performed at room temperature using a CHI 730C Electrochemical Workstation (CH Instruments, Austin, TX). Square Wave Voltammetry (SWV) were recorded at 60 Hz frequency, 50 mV amplitude, and with an increment potential of 1 mV over a potential range of -0.1 to -0.45V in a standard cell with a platinum counter electrode and Ag/AgCl (3 M NaCl) reference electrode. The measurements of TBP, RPA, and SSBP were carried out in 0.1 M NaCl/10 mM potassium phosphate buffer/10 mM MgCl 2 , pH 7.55. M.HhaI, in contrast, was measured in a solution of 0.1 M Tris buffer/10 mM EDTA, 0.1 mM S-adenosylhomocysteine, pH 7. Of note, the S-adenosylhomocysteine was included because this cofactor (or S-adenosylmethionine) is required to form a M.HhaI-DNA complex. Consistent with this, we do (14) not observe any detectable M.HhaI binding in the absence of this cofactor (data not shown). After the addition of the target protein the sensors were equilibrated for 5 min (for M.HhaI, RPA, and SSBP) or 10 min (TBP). In the case of RPA detection in Raji extract, the sensor based on a 70-base probe was first equilibrated in pure buffer solution and sequential injections of Raji extract were made to obtain the desired concentration. After each injection 5 min were allowed to record the signal. To recover the initial signal a high concentration (10 µM) of a competitor sequence (polyT-70) was injected in the solution.
All reported values represent the mean and standard deviations of measurements conducted using three or more independently fabricated electrodes.
Protein Expression and Purification. TBP and M.HhaI were obtained by expression of recombinant, his-tagged proteins in Escherichia coli, as described previously.
28,29 Briefly, T7 promoterdriven constructs were cloned into BL-21 derivative E. coli cells and induced with isopropyl -D-1-thiogalactopyranoside. Following this the cells were lysed via French press and the recombinant protein purified via nickel affinity (Ni-NTA) and cation exchange (BioRex) chromatography. Protein activity was evaluated by electrophoretic mobility shift assay with cognate DNA targets and concentrations determined via Bradford assay. The RPA used in this study was a kind gift of Prof. Marc Wold (Department of Biochemistry Carver College of Medicine, University of Iowa) and was purified as described previously. 30 The Raji nuclear extracts were obtained from Millipore (Bedford, MA). The SSBP employed here was purchased from Epicenter Biotechnologies (Madison, WI, USA) and used without further purification.
RESULTS
We have previously argued that E-DNA and E-AB signal generation likely requires only that target binding changes the efficiency with which the probe's redox tag strikes the electrode.
6,7,31 This, in turn, suggests that the approach would also support the detection of DNA binding events that lead to the formation of bulky and/or rigid complexes. To test this suggestion we have fabricated and characterized E-DNA-like sensors for the detection of two double-strand binding proteins, the eukaryotic TATA-box Binding Protein (TBP, a core component of the eukaryotic transcriptional machinery) and the prokaryotic M.HhaI methyltransferase (M.HhaI, involved in the restriction-modification system of bacteria), and two single-strand binding proteins involved in the replication machinery, the prokaryotic SingleStrand Binding Protein (SSBP) and the eukaryotic Replication Protein A (RPA).
We have fabricated sensors against the double-strand binding proteins using short, stem-loop probe DNAs in which the relevant recognition sequences are contained within the double-stranded stem. These probes were modified with a 3′ thiol group, supporting strong chemisorption to an interrogating electrode, and a methylene blue redox tag pendant on a thymine base along the double-stranded stem (for TBP, Figure 1, left) or within the singlestranded loop (for M.HhaI, Figure 1, right) . In the absence of target both probes produce a large faradaic peak at the potential expected for the methylene blue redox tag (Figure 1, bottom) . In the presence of saturating TBP and M.HhaI these currents are The sensor is composed of a DNA hairpin covalently attached to a classic gold rod electrode using thiol-gold self-assembled monolayer chemistry and containing an internal methylene blue redox tag. (Bottom) In the absence of target relatively efficient collision between the label and the electrode produces a large faradic current. Upon target binding this faradic current is significantly reduced, presumably because the bulky structure of the protein reduces the collision rate. Because all of the sensing components are strongly chemisorbed to the interrogating electrode, the sensor is readily regenerated via a 30 s wash in 8 M guanidine chloride.
reduced by 45 and 55%, respectively. Upon titration with its target the dose-response curve of the TBP sensor is hyperbolic ( Figure  2 , left), as expected for single-site, saturable binding, and exhibits a dissociation constant of 4.0 ± 0.6 nM, which is comparable to previously reported values. 32 The dose-response curve of the M.HhaI sensor exhibits a bilinear shape (Figure 2 , right) presumably arising because of the extremely low (pM) dissociation constant of this protein. 33 The two sensors support the ready detection of their target proteins at concentrations as low as 2 and 25 nM for TBP and M.HhaI, respectively (Figure 2 ). The response times of both sensors are likewise rapid, with the TBP and M.HhaI sensors exhibiting equilibration time constants of 5.9 ± 0.6 and 1.9 ± 0.2 min, respectively (Figure 3) . Finally, because all of the sensing components are strongly adsorbed to the electrode surface, this sensing architecture is readily regenerable; a short wash (30 s) in 8 M guanidine chloride is sufficient to regenerate 98% of the original signaling current of both sensors (Figure 1, bottom) , allowing multiple cycles of detection and regeneration (data not shown).
Single-stranded DNA probes also support this analytical approach, enabling the sensitive, convenient detection of proteins that bind to such targets. Using single-stranded, poly-thymine probes (neither of our target proteins exhibits any significant sequence specificity), we have fabricated sensors for the detection of the single-strand binding proteins SSBP (Figure 4, 6 ) and RPA ( Figure 5, 6 ). Of note, because the single-stranded DNA is thought to wrap entirely around SSBP, the gain of these sensors is dependent on the length of the single-stranded probe employed: when targeting this protein the observed signal suppression (at saturating target concentration) increases from 20 to 70% as the probe is lengthened from 20 to 70 bases (Figure 4, bottom) . The same change in probe length is associated with a 5% to 70% increase in gain in the presence of RPA ( Figure 5, bottom) , an effect that could arise when multiple RPAs bind to the longer probe.
34
All three sensors are as specific as the DNA probes from which they are fabricated. For example, we do not detect any significant cross-reactivity between the two sensors directed against doublestrand-binding proteins (Figure 7, left) . (Neither of the two singlestrand binding proteins investigated here exhibits any significant sequence specificity 34, 35 and thus, while the signal gain produced by the two proteins is not identical, the ability of our sensor to discriminate between these two targets is limited.) Likewise, because their signaling is linked to a binding-specific change in the probe DNA (and not simply to adsorption of target to the sensor surface), our sensors are effective in rejecting false positives arising because of the non-specific adsorption of interferents and can be employed directly in complex samples. For example, our single-strand sensor supports the specific detection of exogenous levels of RPA directly in crude Raji cell nuclear extracts (Figure 7, right) .
Previous studies of E-DNA and E-AB sensors indicate that their signaling is sensitive to the packing density of the probe DNAs on the electrode surface.
6,7 Thus, in an effort to optimize the gain of our sensors, we have studied the effect of probe density (number of probe strands per unit area) on the signaling of our TBP and M.HhaI sensors. We find that the performance of both sensors is sensitive to this parameter. Enhanced signal suppression of TBP sensor is seen, for example, at the lowest measurable packing densities we can achieve (4.5 × 10 10 molecules/cm 2 , Figure 8 , left). The M.HhaI sensor, in contrast, achieves optimal performance at intermediate probe densities (2 × 10 11 molecules/ cm 2 , Figure 8 , right).
DISCUSSION
Here we have demonstrated a reagentless, electrochemical method for the detection of specific DNA binding proteins. Our The TBP dose-response curve is hyperbolic with a dissociation constant comparable to previous literature values. 30 The dose-response curve of the M.HhaI sensor, in contrast, exhibits a bilinear shape, presumably because of the low (pM) dissociation constant of this protein. 31 The data points and error bars represent the average and standard deviations of measurements conducted using three independently fabricated electrodes. approach is rapid (minutes), convenient, and quantitative. It is also selective enough to deploy directly in realistically complex sample matrixes, such as crude nuclear extracts. Finally, our approach appears to be quite general; we have achieved a threesuccesses-out-of-three-attempts success rate in fabricating sensors targeting both sequence-specific, double-strand biding proteins and non-specific, single-strand binding proteins.
As noted above, Barton and co-workers have previously described a similar sensor for the detection of TBP and attributed its signaling to binding-induced changes in electron transfer through the probe DNA. 24 It appears unlikely, however, that this mechanism is the dominant contributor to signaling in our sensors. First, Barton has argued that through-DNA electron transfer requires close electronic coupling of the redox tag and the base pair stack, 36 which is unlikely to occur in our system because its redox tag is attached via a simple alkane chain to the backbone of the probe DNA. Second, Barton has argued that enhanced through-DNA electron transfer occurs only for double- stranded DNA, 37, 38 and thus our single-stranded probes are unlikely to support a through-DNA electron transfer mechanism and to show a signal change upon target binding. Finally, while steric blocking of the target at higher probe densities could lead to poorer affinity, it appears unlikely that a through-DNA electron transfer mechanism would produce the complex relationships between gain and probe density (including optimal gain at intermediate densities) we have observed (Figure 8 ). Instead we believe that signaling in our sensors is dominated by bindinginduced changes in the efficiency with which the redox tag collides with, and thus transfers electrons to, the interrogating electrode. Single-stranded probes, for example, readily support this signaling mechanism.
7,39 Likewise, the collisional mechanism readily accounts for a strong relationship between signal gain and probe-density: whereas high probe densities may reduce the collision efficiency of the unbound state (reducing the signal change observed upon binding), low probe densities enhance collisions from both the bound and unbound states.
6,7 Optimal gain represents a compromise between these two factors, leading to either monotonically improving signaling with decreasing probe density (as seen for TBP, Figure 8 , left) or optimal gain at intermediate probe densities (as seen for M.HhaI, Figure 8 , right) depending on the sizes and geometries of the probe and the probetarget complex.
The potential applications of a convenient method for monitoring protein-DNA interactions are widespread. For example, many essential cellular processes rely on sequence-and protein-specific protein-DNA interactions, including the control of transcription and, consequently, the control of growth, development, and many environmental responses. 22 Probes for the detection of specific protein-DNA interactions thus provide sensitive assays for many clinically relevant cellular processes, such as the expression of transcription factors in response to a disease state or in the presence of a drug. 23 Specific examples include transcription factors that are up-regulated in clinically relevant cell states and can serve as markers for these state, such as for the identification of stem cells via the detection of Oct-4 40 or the up-regulation of the Stat proteins in many cancers. 41 Current methods for the detection of such factors, however, such as chromatin immunoprecipitation, are complex, multistep processes often requiring extensive sample processing. 42 As such these traditional approaches contrast sharply with the reagentless, electrochemical method documented here which, because of its convenience, generality, and sensitivity, may prove a valuable approach to the detection of specific oligonucleotide binding proteins.
